Anterior knee pain is a frequent clinical problem. It provides a common challenge to diagnose and manage. Basic science studies have provided insight into the origin of anterior knee pain and refined understanding of the anatomy. Clinical evaluation has progressively focused on the contribution of the entire lower extremity to patellofemoral function. Nonsurgical management has been refined by the concept of the ″envelope of function″ and by increased understanding of the neuromuscular control of the knee. Indications for lateral release have been clarified and narrowed. Although anteromedial transfer of the tibial tuberosity is helpful in certain circumstances, reports of postoperative fracture have led to less aggressive rehabilitation protocols. Chondral resurfacing of the patellofemoral joint and patellofemoral arthroplasty are evolving. Emphasis should remain on nonsurgical management, which is sufficient in most patients.
T he diagnosis and treatment of anterior knee pain is challenging, and the topic has been well reviewed. [1] [2] [3] The term "anterior knee pain" is used to group together a number of different but related pathologic entities. The history and physical examination, complemented by imaging studies, are helpful in defining as precisely as possible the origin of the patient's complaint. Patellofemoral symptoms fall into two general categories: instability and pain. Overlap of pain and instability does occur, but most often, symptoms are more directly caused by one or the other.
The patient with true patellar instability reports that the patella either dislocated (requiring a reduction) or shifted laterally (partial dislocation with spontaneous reduction). Such injuries are typically associated with weight bearing and torsional trauma. It is important not to confuse patellar instability with reports of the knee "giving way" or buckling. Such symptoms typically include the knee collapsing into flexion and are more likely caused by quadriceps insufficiency secondary to pain, deconditioning, or secondary joint effusion. True patellar instability is a topic separate from the subject of anterior knee pain.
The origin of anterior knee pain may be patellofemoral when it occurs during prolonged knee flexion or when climbing or descending stairs. The pain is often localized in the peripatellar or retropatellar area and may be vague in nature. Careful attention to pain diagrams can be helpful in localizing symptoms and in focusing the physical examination. 4 Determining whether the pain is constant, activity related, or sharp and intermittent can help narrow the list of potential diagnoses. 
Anatomy and Pathomechanics
Trying to unravel the mysteries of anterior knee pain begins with improved understanding of the anatomy. Biedert et al 5 found that free nerve endings are concentrated in the patellar tendon, retinacular tissues, pes anserinus, and, in particular, the synovial tissues and fat pad. The pain sensitivity of intraarticular structures was defined by Dye, who described the sensations he experienced during arthroscopic probing of his own knees without intra-articular anesthesia. 6 He found that the fat pad and synovial tissues were especially sensitive and that the articular surfaces, menisci, and ligaments were much less sensitive. 6 Articular cartilage is aneural, but subchondral bone has the potential to generate pain when overloaded by serious overlying cartilage deficiency.
Other studies have supported a soft-tissue origin of the pain. Substance P and calcitonin gene-related peptide, which are neurotransmitters of nociceptive fibers, are prominent in retinacular tissues and in the fat pad. Sanchis-Alfonso et al 7 found perivascular proliferation of nociceptive axons in the retinacular tissue of patients with anterior knee pain at the time of realignment surgery. Neural growth factor hastens neural proliferation and can be induced by ischemia. 8 Higher levels of neural growth factor also have been found in the lateral retinaculum of patients with pain as a primary complaint compared with the levels found in patients with patellofemoral instability. These observations have led to the hypothesis that ischemia of the retinacular tissues (perhaps caused by tension overload) may induce pathologic neural proliferation and pain. 9 This is one potential mechanism for the occurrence of anterior knee pain provoked by patellar knee flexion.
Witonski and WagrowskaDanielewicz 10 reported that substance P-immunoreactive nerve fibers are widespread within the soft tissues around the knee. These tissues include the retinaculum, synovium, fat pad, and, in some circumstances, bone. In patients with anterior knee pain, more nociceptors were found in the fat pad and medial retinaculum than in patients with osteoarthritis or anterior cruciate ligament injury. In addition to verifying the presence of a rich nerve supply to these soft tissues, these studies support the concept of chronic nerve injury in the soft tissues as a source of anterior knee pain.
Subchondral bone is also richly innervated. Several studies have shown elevated intra-articular pressure in the patella to be associated with anterior knee pain. Decompression has been tried when pain was provoked by a pain provocation test, which was believed to increase intraosseous pressure. Preliminary success has been reported, even though the provocation test did not produce pain in all patients with anterior knee pain. 11, 12 Understanding and analysis of patellar tracking has progressed markedly, as demonstrated by Katchburian et al. 13 Consistent terminology for patella position and patellar tracking are both improving; appreciation of the complexity of the motion involved is a necessity ( Figure  1 ). Motions that can be measured include medial and lateral translation of the patella, axial plane rotation of the patella (ie, tilt), coronal plane rotation (ie, patellar spin), and sagittal plane flexion. 3 In vivo and in vitro studies show that in early flexion, the patella shifts medially 4 to 9 mm as it is drawn into the trochlea. The patellae generally tilt medially in vitro during early flexion by <4°be-fore beginning to tilt laterally up to <4°as flexion progresses to 90°. In vivo studies of patellar tilt have been less consistent. Studies of coronal plane patellar rotation also are not very consistent, but they generally demonstrate that the inferior pole of the patella rotates laterally as knee flexion progresses. There is much room for improvement in the clinical evaluation of patellar motion. As yet, in vivo understanding of patellar tracking is incomplete.
Dye et al 14 investigated the soft tissues anterior to the patella and found differences compared with traditional anatomic texts. Apparently, a superficial transverse fascial layer exists, with a deeper intermediate oblique aponeurotic layer, both of which are superficial to the deep rectus femoris fibers, which are directly applied to the bone of the patella. Eckhoff et al 15 reported that the sulcus of the trochlea in both normal and osteoarthritic knees is actually slightly lateral to the midplane between the medial and lateral femoral condyles. Their finding is contrary to the traditional assumption that the sulcus is in the midline. Radiographic imaging of the patella demonstrated that the geometric center of the patella was slightly lateral (2.2 ± 0.9 mm) to the patellar ridge. 16 Yet when interpreting imaging studies of the patellofemoral joint, bony congruence often may not reflect the real articular congruence. Stäubli and colleagues 17, 18 used magnetic resonance arthrograms to demonstrate that, because of variable thickness of the articular cartilage on the patella, images of bone that appear incongruent may actually have excellent cartilage congruity.
Clinical Evaluation
It is important to remember that not all anterior knee pain is associated with measurable abnormalities of patellar alignment or individual an-atomic variations. Patellofemoral malalignment must not be considered a synonym for anterior knee pain. Measurable malalignment of the patellofemoral joint may or may not be a key factor in any specific patient with anterior knee pain. Studies have failed to be sensitive in consistently finding radiographic malalignment in patients with patellofemoral pain. 19 Are radiographic findings (eg, shallow sulcus, patella alta, lateral tilt angle) pathologic if the patient is asymptomatic? Or is the effect of the preexisting difference in morphology critical only in the presence of injury, repetitive overload, or neuromuscular decompensation? There are no definite answers to these questions.
Misunderstanding of the pathogenesis and inappropriate treatment can occur when all pain is assumed to be associated with some degree of patellar malalignment. This assumption may result in surgical realignment in patients in whom alignment may not be the primary problem. A well-intentioned operation to realign a normally aligned patellofemoral joint can lead to a poor outcome. Imbalances in the extensor mechanism include dynamic and static neuromuscular factors. The patellar position on static imaging is only part of the pathophysiology. Recent literature has pointed out the value of recognizing other causes of patellofemoral pain in patients with normal anatomic alignment, such as patellar or quadriceps tendinitis, 20 postoperative neuromas, 21 and saphenous neuritis. 22 The role of the entire leg in the pathogenesis of anterior knee pain has come under increased scrutiny. Witvrouw et al 23 evaluated 282 adolescents (average age, 18.6 years) and noted that 7% to 10% developed patellofemoral pain within 2 years. Anthropometric, physical examination, psychological, and electromyographic data were collected prospectively to discern which factors would predict the onset of pain. Notable findings were decreased quadriceps and gastrocnemius flexibility, increased vastus medialis obliquus (VMO) reflex response time and delayed VMO firing versus the vastus lateralis, decreased explosive strength, and increased thumb to forearm mobility. Factors that did not correlate with the onset of knee pain included alignment (ie, Q angle), psychological testing, isokinetic strength, and any of the anthropometric data (eg, height, weight). Two important studies found electromyographic differences, proving that contraction of the vastus lateralis came before the VMO in symptomatic patients compared with control subjects. 24, 25 The hip extensor muscles play a critical role in lower extremity function. Zhang et al 26 found that the hip extensors contribute 25% of the energy absorption during landing. When the hip musculature does not absorb its share of the load, other parts of the extremity must compen- sate. Deficits in hip strength add to load on the knee, even independent of the rotational changes that may occur in the presence of hip weakness. Providing further evidence of entire extremity involvement, Baker et al 27 tested 20 patients with anterior knee pain and found that knee joint proprioception was abnormal in both weight-bearing and nonweight-bearing tests compared with a control population.
Understanding patellofemoral disorders does require more than a thorough understanding of anatomy. Dye 28 defines the envelope of function as the "range of load that can be applied across an individual joint in a given period without supraphysiologic overload or structural failure." Essentially, an asymptomatic joint has adequate tissue homeostasis, so the amount of load applied to the involved joint is successfully handled. When the joint is out of homeostasis, pain results. The ability of a joint to tolerate loading depends on multiple factors, not just the radiographic alignment of the joint. The absolute amount of loading over time is an important factor in overuse injuries. For example, patients suffering from anterior knee pain caused by blunt trauma may have a positive bone scan (a measure of physiology, not structure) that resolves over time as their pain does. 29 The knee is out of homeostasis on the bone scan while it is abnormal, but homeostasis is restored over time. Keeping patients within their pain-free envelope of function, however narrow that may be, is a key to successful treatment.
For example, a previously asymptomatic middle-aged, deconditioned, sedentary, slightly overweight woman who rapidly increases her activity by taking a five-mile hike up a mountain trail may present 10 days later with anterior knee pain, a small effusion, peripatellar tenderness, and a patellar axial radiograph suggesting mild patellofemoral arthrosis with lateral patellar tilt, and lateral subluxation. Her increased activity resulted in loss of joint tissue homeostasis. Relative rest, pain control, and anti-inflammatory modalities likely would restore her daily function, even in the presence of her preexisting radiographic "malalignment." Acute treatment consists of keeping her within her new envelope of function (ie, activities with low enough load that she is minimally symptomatic), while working gradually to increase her envelope of function by weight loss, strengthening, and flexibility exercises. If such a patient does not seek care but rather waits out the pain, she would likely become weaker from the decreased activity level and less flexible from the decrease in activity; also, she might gain weight because of the inactivity.
Similarly, patients with systemic illnesses, such as thyroid disorders or cancer, can develop knee pain as their muscle weakness decreases their envelope of function. The next time such a patient tries to increase her or his activity level, the envelope of function is even smaller. The patient becomes caught in this cycle and presents much later with a history of chronic knee pain and radiographic evidence of malalignment. Rescue from the deconditioned state is not possible in some patients, and surgery may be necessary. Theoretically, a patient who does not respond to a rehabilitation program has incurred such a degree of macrostructural damage that the joint cannot return to a homeostatic state. Thus, surgical intervention to remove the ongoing focus of inflammation or to realign the patellofemoral joint to decrease pathologic loading would be rational. It is important to remember that there are no absolute radiographic indications for surgery.
Malalignment can be understood as a situation "where bony alignment, joint geometry, soft tissue restraints, neuromuscular control and functional demands combine to produce symptoms as a result of abnormally directed loads which exceed the physiological threshold of the tissues." 3 With regard to surgery for realignment, current clinical standards for assessing patellofemoral alignment lack complete information, such as patellar spin and sagittal plane flexion. Understanding of the effect of standard realignment procedures on all components of alignment and tracking is currently limited. 30 Unfortunately, in vivo understanding of the effect of realignment procedures on threedimensional tracking is even more lacking. With increased appreciation of the pathophysiology of soft-tissue pain comes the consideration that symptomatic relief may occur as a result of cutting certain soft-tissue structures, in addition to (or possibly independent of) any effect that surgery may have on macrostructural alignment. Even the postoperative period of relative rest and structured rehabilitation may contribute to restoration of joint homeostasis.
Nonsurgical Management
Although controversy exists over the best methods to improve leg strength in patients with anterior knee pain, the traditional concept of trying to achieve isolated VMO exercise is not supported by extensive and persuasive recent literature. 31 One randomized study evaluated the effects of open kinetic chain exercise (nonweight-bearing) versus closed chain exercise (weight-bearing) in a group of patients with anterior knee pain. 32 Although both types of exercise produced improvements in strength, pain relief, and return to function, the closed chain exercises produced less pain, better triple jump (functional improvement), and less subjective "clicking." It would be shortsighted to discard either open or closed chain exercises entirely.
Several thorough reviews of nonsurgical treatment have been published recently; 33, 34 many are partic-ularly notable. Doucette and Goble 35 reported that 84% of patients improved after 8 weeks of quadriceps rehabilitation and stretching. Patellar axial radiographs demonstrated some improvement after treatment, although the values were within previously published normal limits at both times, and values were equivalent between the symptomatic and asymptomatic knees. Long-term (7-year) follow-up of 49 patients treated with quadriceps exercises, rest, and nonsteroidal anti-inflammatory drugs showed that nearly 75% of patients maintained improvement from 6 months to 7 years. 36 Many factors were studied, including radiographs, magnetic resonance imaging, and other baseline clinical findings, but none correlated with the treatment result. 37 Unfortunately, no criteria, examination, or treatment predicted which patients would respond well. In particular, patellar taping has generated much interest, with studies showing pain relief, alterations in the timing of VMO contraction, and increased exercise tolerance. 38, 39 Although all of these studies confirmed that nonsurgical management can be successful and shed light on the nature of the problem, only very recently has a double-blind multicenter placebo-controlled trial of nonsurgical treatment been reported. Seventy-one subjects aged <40 years were randomly assigned to either a placebo or a treatment group. 40 Subjects were included if they reported anterior or retropatellar knee pain on at least two of the following activities: prolonged sitting, stairs, squatting, running, kneeling, and hopping/jumping. Patients had symptoms for at least 1 month, an average pain level of 3 on a 0 to 10 visual analog pain scale, and insidious onset of symptoms. The treatment group had six weekly visits involving patellar taping, quadriceps training with biofeedback, gluteal strengthening, and anterior hip and hamstring stretching.
The placebo group had placebo taping, turned-off ultrasound, and a placebo "medicated gel." Thirty-five percent of patients in the placebo group believed they were in the active treatment group. When measured by improvement in pain or function, the treatment group showed statistically (P ≤ 0.04) better improvements compared with the placebo group (which also showed some improvement).
Therefore, a nonsurgical program must include activity modification based on patient history. Athletes must modify their training, and adjustments should be made in work and daily activities for nonathletes. Such modifications are important to get the patient back within his or her envelope of function. Particular attention also should be paid to flexibility, especially of the quadriceps, a common deficit in patients with anterior knee pain. Strengthening must be done without causing severe pain. Strengthening may often be facilitated by patellar taping. Open or closed chain exercise programs are individualized to limit pain, which will facilitate regular exercise and effective strengthening. Emphasis on hip strengthening has also been very helpful. Nonsurgical management should be pursued until both the clinician and patient are certain that a plateau has been reached in the level of pain and function. This usually requires at least 3 months of careful and compliant rehabilitation. Because very few patients with anterior knee pain do not respond to rehabilitation, providers would be well advised to carefully reconsider the differential diagnosis when faced with a patient who has not responded as expected.
Surgical Management
Because of the success of nonsurgical management, surgery for anterior knee pain is not necessary in most patients. Successful surgical treatment requires an accurate diagnosis, taking particular care to ascertain whether there are symptoms of patellar instability or signs of patellofemoral malalignment on physical examination and imaging studies. Patients with normal alignment and no instability may be symptomatic from tendinosis in the quadriceps or patellar tendons, pathologic hypertrophy and inflammation in the medial plica, or less common causes (eg, neuromas). Severe damage to the articular surface of the patella or the trochlea can at times be the isolated cause of symptoms.
However, before concluding that the anterior knee pain is caused by chondromalacia of the patella, other causes must be ruled out. Isolated lesions of the articular cartilage of the patellofemoral joint are one of the less common causes of anterior knee pain. In such patients, arthroscopic débridement of Outerbridge grade 2 and 3 chondral lesions can be useful. In their review of 36 patients with chondromalacia patellae, Federico and Reider 41 reported 57.9% good or excellent results in patients with traumatic onset; patients with atraumatic onset had 41.1% good or excellent results. All but four patients thought the surgery was beneficial.
In one recent randomized, nonblinded study of a similar group of patients with Outerbridge grade 2 and 3 chondromalacia, bipolar radiofrequency débridement was compared with mechanical débridement alone. 42 Both groups improved at final 2-year evaluation, but the radiofrequency group scored significantly better (P = 0.0006). However, concerns remain about the potentially damaging long-term effects of radiofrequency energy on bone and cartilage. 43 Although confirmation of the role of radiofrequency chondroplasty will depend on future randomized, blinded studies, these studies 41, 42 together show the positive value of chondroplasty in carefully selected patients with grade 2 and 3 lesions.
Lateral release can be effective in treating a well-defined subset of pa-tients with anterior knee pain, but it is seldom needed. Most patients with pain and a tight lateral retinaculum can be effectively treated nonsurgically. Lateral release may help by relieving pressure in the lateral retinaculum, dividing neuromatous nerves in the lateral retinaculum, or relieving pressure on the lateral facet of the patella; at present, the exact mechanism cannot be stated with certainty. The role of lateral release in managing anterior knee pain has been clarified in the past 10 years. Several studies have shown that the ideal candidate is a patient with no history of patellar instability. 44, 45 The degree of chondral damage also seems to be important. Aderinto and Cobb 46 reported satisfactory results in only 59% of patients with advanced patellar arthrosis treated with lateral release. Conversely, Shea and Fulkerson 47 reported 92% good and excellent results after lateral release when there were no chondral lesions greater than grade 1 and 2 and there was evidence of lateral tilt on computed tomography.
O'Neill 48 compared the results of arthroscopic lateral release with those of open lateral retinacular lengthening and found slightly better results after the lengthening procedure, although chondral damage was less severe in this group. This study raises the question whether a lengthening procedure is a good alternative to release. The biomechanical effects of lateral release have been shown to be related to the length of the release, especially in the distal direction. Although it is not known with certainty the clinically necessary amount of release, extending the release distally to the level of the tibiofemoral joint line does result in a measurable increase in patellar mobility. 49 In a recent survey of the International Patellofemoral Study Group (a group of clinicians with special interest and expertise in patellofemoral disorders), lateral release was an infrequently done procedure. Indications for the procedure were anterior knee pain with evidence of a tight lateral retinaculum on physical examination. 50 Complications of lateral release can include persistent or worsening pain or instability. When present, these complications can make the preoperative symptoms seem minor. Particularly in the setting of a normally aligned patella that has been treated with lateral release, medial subluxation can occur. In this situation, an excessive lateral release that included division of the vastus lateralis tendon also should be suspected. Medial subluxation must be suspected clinically in any patient reporting persistent pain after lateral release. 51 Symptoms often include a sense of the patella moving laterally, a complaint that can mislead clinicians. The cause of this sensation is the patella's momentarily subluxating medially out of the trochlea in early flexion, then snapping back laterally into the trochlea with further flexion. When the clinician fails to recognize this diagnosis and instead interprets the symptoms to be recurrent lateral subluxation, further procedures, such as tibial tuberosity medial transfer or medial reefing, may be recommended. However, such procedures would only worsen the symptoms.
Medial patellar subluxation must be confirmed by clinical examination. Two maneuvers have been described. Fulkerson 52 recommended pushing the patella medially with the knee in extension, then suddenly flexing the knee. When this reproduces the complaint, medial subluxation is likely. Nonweiler and DeLee 53 suggested examining the involved knee in a lateral position. The involved knee is placed with the lateral side up, allowing the involved patella to sag via gravity medially out of the trochlea. The patient with medial patellar subluxation will be unable to flex the knee. Nonsurgical management can help to confirm this diagnosis if taping or bracing the patella into a more lateral position decreases symptoms. Hughston et al 54 found that 68% of patients reported improvement in their functional levels and 75% reported subjective improvement by attempts at repair or reconstruction of the lateral retinaculum. Surgical management of this condition involves repair or reconstruction of the lateral release defect; although helpful, this is best considered as a salvage procedure.
Patients with radiographic or arthroscopic evidence of lateral patellar tilt and subluxation who have failed persistent and patient nonsurgical management can improve significantly after lateral release and anteromedial tibial tuberosity transfer. Pidoriano et al 55 correlated the results of anteromedial tibial tubercle transfer with the location of cartilage lesions on the patella; they found that proximal and global patellar lesions did less well. Their findings correlate with laboratory studies showing that anterior tuberosity transfer, while decreasing overall load, shifts load disproportionately to the proximal patella. Careful consideration of the location of cartilage lesions is recommended when contemplating tuberosity transfer, just as one would do with any other osteotomy to avoid transferring load onto articular lesions.
Early weight bearing after anteromedial tubercle transfer should be avoided; two series have demonstrated the potential for fracture during full weight-bearing activities between 4 and 7 weeks. 56, 57 Based on this information, rehabilitation should include only partial weight bearing until osteotomy healing is complete, both radiographically and clinically. One report indicated that two athletes sustained tibial fractures while jogging 6 months postoperatively; this finding is extremely uncommon, however. 58 Procedures to restore cartilage integrity to the patellofemoral joint have not met with widespread success. Efforts are ongoing to evaluate Anterior Knee Pain the usefulness of autologous chondrocyte implantation and osteochondral transfers. Only relatively small numbers of cartilage-restoring procedures in the patellofemoral joint have been reported, and overall results are mixed. Experience has shown that careful evaluation and correction of patellofemoral alignment must be included. [59] [60] [61] [62] Less aggressive procedures, such as chondroplasty, microfracture, or abrasion, may be equally advantageous and should be considered first-line treatments. 63 Patellofemoral arthroplasty can be considered in the presence of true end-stage arthrosis. [64] [65] [66] Resurfacing of the patellofemoral joint should be done only in low-demand patients after very careful clinical evaluation clearly shows that this articulation is the sole cause of symptoms. A bone scan may be a helpful adjunctive test in this setting; significant uptake in the tibiofemoral joint indicates that isolated patellofemoral arthroplasty is not appropriate. Mont et al 67 suggested total knee arthroplasty for patients aged >55 years with primarily patellofemoral arthritis. Special care is needed at the time of surgery to ensure that the extensor mechanism is well aligned. Surgeons undertaking patellofemoral replacement should be very experienced in patellofemoral realignment procedures and should be prepared to combine them with arthroplasty as needed.
Summary
Despite the prevalence of anterior knee pain, much is unknown regarding the etiology, pathomechanics, and management of the many causes of this symptom. To label this set of disorders as "patellofemoral syndrome" is worrisome because it may deter some clinicians from trying to reach a more precise diagnosis. Clinicians should strive for the greatest possible degree of diagnostic accuracy and specificity to maximize outcomes.
A greater understanding of the natural history of different causes of anterior knee pain also would be of great value; learning to predict which lesions progress over time would allow the clinician to treat those lesions more aggressively. Hypotheses regarding potentially ischemic neurologic changes that may result from excessive soft-tissue tension may produce insight into new treatments. Although significant insights have been made in the past 10 years regarding the understanding of the pathophysiology, diagnosis, and treatment of anterior knee pain, there is room for improvement in all areas. Particularly promising developments include dynamic magnetic resonance imaging and advances in nonsurgical management in treating the entire extremity, with particular emphasis on the key role of the hip muscles in controlling femoral position. Improvements in imaging articular cartilage may make possible more precise diagnosis of the location and severity of cartilage lesions; however, clinicians need to be cautious in concluding that the articular cartilage lesion is the cause of symptoms. Clinicians still need to improve their understanding of the role and boundaries of surgery in anterior knee pain. Currently, nonsurgical management remains the most predictable method of treatment.
